We have investigated the effect of deoxyribonucleic acid (DNA) adsorption on a graphene field-effect-transistor (FET) device. We have used graphene which is grown on a Ni substrate by chemical vapour deposition. The Raman spectra of our graphene indicate its high quality, and also show that it consists of only a few layers. The current-voltage characteristics of our bare graphene strip FET show a hole conduction behavior, and the gate sensitivity of 0.0034 μA/V, which is reasonable with the size of the strip (5 × 10 μm 2 ). After the adsorption of 30 base pairs single-stranded poly (dT) DNA molecules, the conductance and gate operation of the graphene FET exhibit almost 11% and 18% decrease from those of the bare graphene FET device. The observed change may suggest a large sensitivity for a small enough (nm size) graphene strip with larger semiconducting property.
Introduction
Graphene has been attracted much attention due to its interesting electronic, mechanical, and thermoelectric properties, originated from the unique band structure of single layer carbon [1] . Device applications of graphene cover large area including field-effect transistors (FETs) [2] , logic gates [3] , sensors [4] , and quantum devices [5] . Recently, study on the biological sensors using graphene FETs has been rapidly increasing. Chemically modified graphene nanostructures was applied to biodevices at both biocellular and biomolecular scale [6] . The electrolyte-gated graphene FET was fabricated to detect pH and protein adsorption [7] . In addition, thermally reduced graphene oxide sheet decorated with gold nanoparticle-antibody conjugates was used to detect specific protein [8] .
One of the most interesting biological molecules is deoxyribonucleic acid (DNA). Therefore, the adsorption of DNA on graphene is of great interest. The DNA-graphene adsorption structure has a potential to be used in understanding the sequence of DNA bases, DNA damage, DNA sens- ing. The bases of DNA are known to bind to a graphitic surface by using noncovalent π-π interactions and make a stable binding [9] . One previous study showed that DNA binding to the single wall carbon nanotube modulated the electrical transport properties [10] . Recently, a novel graphene chemical sensor was reported, which uses an exploited graphene layers functionalized with DNA [11] . The DNA functionalization was shown to enhance sensor performances. In this work, we study the effect of DNA adsorption on graphene FET devices incorporating graphene layers grown by chemical vapour deposition (CVD). We successfully have observed that the change of transport characteristics of the graphene FET occurs by DNA adsorption. Figure 1 shows the fabrication procedures of the DNA adsorbed graphene FET. First we deposited Al gate on a SiO 2 /Si substrate. After covering the gate with SiO 2 , we deposited source and drain electrode. To prevent the thermal oxidation of the Al layer, SiO 2 is deposited by low temperature CVD (Applied Material, Precision 5000) using TEOS (tetraethylorthosilicate) at 390 • C. Graphene sheets were Copyright c 2011 The Institute of Electronics, Information and Communication Engineers synthesized by CVD technique on a 300 nm thick Ni layer and transferred on top of the substrate with pre-patterned electrode, by a floating-and-scooping method. Then we applied adhesive tapes on the surface of the graphene to further define graphene strip of a few μm size (in this paper, 5 × 10 μm 2 ) near the electrodes [12] . The shape of synthesized DNA is usually frozen dry flake, and DNA is diluted with de-ionized water to form DNA solution. DNA adsorption on the graphene is done by dropping 1 mg/ml 30 base pairs of single-stranded poly (dT) solution (Integrated DNA Technologies, Inc., USA) on the graphene surfaces for 1 minute. After the adsorption process, the residual DNA solution is removed by nitrogen gas blowing. A semiconductor characterization system (Keithley 4200-SCS, USA) is used to measure current-voltage (I SD -V SD ) characteristics of graphene FET before and after DNA adsorption at air ambient. Insets in Fig. 1 show the SEM images of synthesized and stripped graphene layers on the source, drain and embedded gate electrodes.
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Raman Spectroscopy
The Raman spectrum of our synthesized graphene sheet is shown in Fig. 2 . He-Ne laser with the wavelength of 633 nm and the beam diameter of approximately 1 μm is used as an excitation source. The defect (D), graphite (G) and second harmonic of the defect (2D) peak are obtained around at 1346, 1584 and 2666 cm −1 , respectively. The ordinary Raman spectra of carbon-based materials show D, G, and 2D peaks at around 1350, 1580, and 2600∼2800 cm −1 , respectively. The observed Raman spectrum in Fig. 2 is consistent with previous research results [13] , [14] . The D peak is due to defect or disorder and its intensity is directly related with the amount of disorder in graphene layer. The D peak in Fig. 2 shows relatively small intensity, suggesting that our graphene has quite high quality. Judging from the intensity ratio of the 2D peak to the G peak [13] , our graphene sheets are determined to be less than 5 layers. Figure 3 (a) and its inset show the I SD -V SD and I SD -V G characteristics, respectively [12] . They were measured from the device with the large layer of CVD graphene on the pads (right after transfer). There is almost no gate action, which is consistent with the characteristics of the other large area graphene sheet. Figure 3(b) shows the I SD -V SD characteristics of the device with a few μm size graphene at several fixed V G values from −25 to +25 V with 5 V steps. The value of I SD increases from −3.75 to +3.75 μA with increasing V SD from −10 to +10 mV at V G = 0. The almost perfect linear I SD -V SD characteristic suggests that the potential barrier between the metal electrode and graphene is negligible. Zero-gate bias conductance of the graphene FET is 375 μS which is a typical value from graphene layers [2] , [4] . They also show clear slope change with the change of V G . The inset shows the I DS -V GS characteristics taken at the condition of V SD = 5 mV. The value of I SD decreases from +1.99 to +1.82 μA, with the increase of V G from −25 to +25 V, which suggests a hole conduction behavior. The usual ambipolar behavior cannot be seen in our device since our gate bias is limited due to leakage. Finally, Fig. 3(c) shows the I SD -V SD characteristics of the graphene FET after DNA adsorption. DNA adsorption has done to the device of Fig. 3(b) for a direct comparison. The value of I SD increases from −3.37 to +3.37 μA with increasing V SD from −10 to +10 mV at V G = 0. The I SD -V SD shows almost the same degree of linearity as the pristine graphene FET of Fig. 3(b) . It suggests that the increase of the contact potential due to DNA adsorption is still too small to affect the linearity of the I SD -V SD characteristics. The V G sweep in the inset (from −25 to +25 V) shows the decrease of I SD from +1.81 to +1.67 μA. It suggests that the hole conduction behavior is not changed by DNA adsorption either. The observed gate dependence of our graphene FET is very weak and the changes after DNA adsorption are much smaller than the previous report [11] . These differences are mainly attributed to the higher mobility and transconductance of the exfoliated graphene FETs [3] than our device.
FET Characteristics
The atomic force microscope (AFM) images of graphene before and after DNA adsorption are shown in the upper insets of Figs. 3(b) and 3(c) . Before DNA adsorption, the graphene layer has a uniform surface and the thickness of the graphene is observed to be less than 2 nm, which is equivalent to approximately 5 layers of graphene. After DNA adsorption, the roughness of the graphene layer becomes > 10 nm, suggesting that the thickness of the DNA film is ∼ 10 nm at least. Non-uniform piling of DNA molecules also seems to increase the irregularities of the DNA surface.
All of the data in Fig. 3 are reproducible for repeated measurements. The observed small V G dependence of I SD in the device of Fig. 3(b) is mainly attributed to the finite size graphene strip (of a few μm). The mechanism of the semiconducting property of graphene strips was reported as edge effects and quantum confinement of the electron wave function in the transverse direction [15] . The bandgap increases with decreasing the width of graphene strips. It means that the semiconducting properties are enhanced as decreasing the width of graphene strips. Usually sub ∼10 nm width is required to get a large enough band gap opening at room temperature. In our experiments, the size of our graphene is much larger than 10 nm, but still small enough to exhibit the gate operation even though it is small [2] , [3] . Theoretical calculation of μm size graphene FET is beyond the scope of this paper. Finally, the efficiency of our embedded Al gate layer is at least comparable to the a simple back-gate structure.
Even though the device after DNA adsorption exhibits the same linearity and conduction type with the bare graphene FET, the zero-gate bias conductance is reduced from 375 to 337 μS (∼11% reduction). Furthermore, the change of I SD according to the gate voltage becomes even smaller from 0.165 to 0.14 μA (∼18% reduction) after DNA adsorption as shown in the insets of Figs. 3(b) and 3(c) . This change is large, considering that our graphene FET is not much semiconducting. In the graphene-DNA structure, DNA seems to be stably binding to the graphene layer due to the π-stacking interaction between the nucleic bases and the graphene surface. Such binding can create scattering centers due to negatively charged DNA phosphate backbone, chemical deformation and others. The change due to DNA adsorption expected to increase as we decrease the size of graphene. In our previous studies, we found a significant change in the transport characteristics of single wall carbon nanotube FET after DNA adsorption [10] . In our experiments, it is difficult to estimate the accurate field effect mobility because the shape of graphene flake is arbitrary. If we assume our graphene as a 5 μm × 10 μm rectangle and extract the value of dI SD /dV G from I DS -V G in Figs. 3(b)  and 3(c) , the field effect mobility can be estimated as 60 and 56 cm 2 /V.sec, before and after DNA adsorption, respectively. The decrease of the mobility after DNA adsorption also suggests the creation of additional scattering centers by DNA adsorption.
Conclusions
We demonstrate the effect of DNA adsorption on a graphene FET device. The Raman spectra show high quality graphene layers. From I SD -V SD characteristics of the bare graphene FET, we observe a hole conduction behavior. We find that electrical conductance and gate operation change by approximately 11% and 18% after DNA adsoprtion, respectively. This is a large change considering that our graphene FET is still quite large (a few μm) and the semiconducting property is still weak.
